Cadmium (Cd) is one of the most dangerous environmental pollutants with high toxicity to animals and plants (Raskin et al., 1997; Lanphear, 1998; Kim et al., 2007; Shim et al., 2009; Lin and Aarts, 2012; Clemens et al., 2013; Dias et al., 2013) . Cd has been demonstrated to inactivate or denature proteins by binding to sulfhydryl groups, which causes cellular damages by displacing cofactors from a variety of proteins, including transcription factors and enzymes (Goyer, 1997; Sharma et al., 2000; Schützendübel et al., 2001; Lin and Aarts, 2012) . Moreover, Cd also induces oxidative stress, which in turn mediates cellular damage in various plants and animals (Shim et al., 2009; Gallego et al., 2012) .
Plants have evolved a number of potential mechanisms to act in detoxification and, thus, in tolerance to heavy metal stress (Clemens, 2001; Hall, 2002; Lin and Aarts, 2012; Gallego et al., 2012; Thapa et al., 2012) . The detoxification of heavy metals in plants includes heavy metals being pumped out at the plasma membrane, chelated, or bound to various thiol compounds in the cytosol and sequestered into vacuoles (Clemens, 2001; Hall, 2002; Kim et al., 2006; Gallego et al., 2012) . Other antioxidant and signaling mechanisms may also participate in the process (Clemens, 2001; Hall, 2002; Sandalio et al., 2012; Gill et al., 2013) . In addition, a lot of key genes have been shown to be involved in Cd detoxification and tolerance in plants. These include ZNT1, OsHMA9, OsNRAMP5, ZntA, CAD2, AtPDR12, AtPDR8, AtATM3, ACBP1, Nramp5, EIN2, and MAN3 (Pence et al., 2000; Sharma et al., 2000; Shiraishi et al., 2000; Lee et al., 2003 Lee et al., , 2007 Kim et al., 2006 Kim et al., , 2007 Xiao et al., 2008; Cao et al., 2009; Lin and Aarts, 2012; Sasaki et al., 2012; Ishikawa et al., 2012; Chen et al., 2015) . It was also found that Heat shock transcription factor A4a (HsfA4a) confers Cd tolerance by up-regulating MT gene expression in wheat (Triticum aestivum) and rice (Oryza sativa; Shim et al., 2009) . Although these studies have unraveled some of the key players in Cd detoxification and tolerance in plants, the transcription factors that regulate the mechanisms of Cd detoxification have been poorly studied.
It is well documented that glutathione (GSH) is essential for Cd detoxification (Zhu et al., 1999; Xiang et al., 2001; Cobbett and Goldsbrough, 2002; Jozefczak et al., 2012 Jozefczak et al., , 2015 Sobrino-Plata et al., 2014b; Hernández et al., 2015; Flores-Cáceres et al., 2015) , and GSH-or phytochelatin (PC)-conjugated vacuolar sequestration is one of the most important mechanisms contributing to Cd accumulation and tolerance in plants (Grill et al., 1989; Li et al., 1997; Cobbett and Goldsbrough, 2002; Lee et al., 2003; Lin and Aarts, 2012; Jozefczak et al., 2012) . GSH is known to be synthesized from g-Glu, with Cys and Gly being successively catalyzed by g-glutamyl-Cys synthetase (encoded by GSH1) and glutathione synthetase (encoded by GSH2; May et al., 1998; Cobbett, 2000; Jozefczak et al., 2012) , and PC is polymerized from GSH by phytochelatin synthase (PCS; encoded by PCS1 and PCS2 in Arabidopsis [Arabidopsis thaliana]), which is strongly induced by Cd stress Noctor et al., 2002; Semane et al., 2007) . The rate-limiting step of GSH biosynthesis is catalyzed by GSH1 (Jozefczak et al., 2012) . Overexpression or inhibition of GSH1 expression causes Arabidopsis to have enhanced or depressed levels of glutathione, respectively (Cobbett et al., 1998; Xiang and Oliver, 1998; Xiang et al., 2001) . Arabidopsis GSH-deficient cad2-1 mutant is cadmium sensitive (Cobbett et al., 1998) . Thus, the regulation of GSH1 expression is fundamental to Cd detoxification. However, the transcription factors that directly regulate the transcription of GSH1 remain unknown.
The C 2 H 2 -type zinc-finger proteins (ZFPs) represent a large family of eukaryotic transcription factors. In Arabidopsis, a total of 176 proteins that contain one or more zinc-finger domain have been reported (Englbrecht et al., 2004) , and many of them have been found to play important roles in plant development and stress responses (Englbrecht et al., 2004) . Zinc finger of Arabidopsis thaliana 6 (ZAT6) was identified during the isolation and characterization of a diverse family of Arabidopsis two-and three-fingered C 2 H 2 ZFPs (Meissner and Michael, 1997) . ZAT6 expression has been shown to be regulated by phytohormones (Glazebrook et al., 2003) . In addition, it was also found that ZAT6 is involved in regulating root development and low Pi stress responses (Devaiah et al., 2007) . Recently, ZAT6 was shown to be involved in regulating responses of plants to pathogen infection, salt, drought, and freezing stresses (Shi et al., 2014) . However, the possible role of ZAT6 in heavy metal detoxification remains uninvestigated in Arabidopsis.
In this study, we report a previously unknown function of ZAT6 in plant responses to Cd stress. We demonstrate that plants overexpressing ZAT6 manifested enhanced Cd tolerance, whereas loss of function of ZAT6 led to increased Cd sensitivity. Our data provide evidence that ZAT6 coordinately activates PC synthesis-related gene expression and directly targets GSH1 to regulate Cd tolerance in Arabidopsis.
RESULTS

Isolation of Gain-of-Function xcd2-D mutant
To screen for Cd-resistant mutants, we undertook a gain-of-function genetic screen (Chen et al., 2015) and isolated several putative mutants from the XVE-tagging T-DNA insertion lines (Zhang et al., 2005) . One of these mutants, designated xcd2-D (XVE system-induced cadmiumtolerance2), was chosen for detailed analysis. To test their Cd tolerance, seeds of the wild type and the xcd2-D mutants were germinated on one-half-strength Murashige and Skoog (1/2 MS) agar plates for 3 d and then seedlings were transferred to 1/2 MS media with or without 30 mM CdCl 2 and 10 mM estradiol for 11 d. When grown on 1/2 MS media with or without 10 mM estradiol, there was no significant difference between the wild type and the xcd2-D mutant (Fig. 1, A and B) . Similarly, reduced growth was observed in both wild-type and xcd2-D mutant seedlings grown on 1/2 MS media containing 30 mM CdCl 2 (Fig. 1, A and B). However, when the inducer estradiol was added to the 1/2 MS media containing 30 mM Cd, xcd2-D seedlings were more tolerant to Cd than the wild type (Fig. 1, A and B) . These results suggest that the increased tolerance to Cd occurring in xcd2-D mutant is estradiol dependent.
Using thermal asymmetric interlaced-PCR (TAIL-PCR; Liu et al., 1995) , we identified a single T-DNA insertion in the xcd2-D mutant (Fig. 1C) , which was located between At5g04347 and At5g04340, 540 bp upstream of the start codon of At5g04340 (Fig. 1D ). To clarify which gene is dependent on b-estradiol induction in xcd2-D seedlings, we examined the expression levels of three neighboring genes in the presence of the inducer estradiol. qRT-PCR analysis showed that, in xcd2-D seedlings, the transcription level of At5g04340 was increased in an estradiol-dependent manner, whereas expression of the other two neighboring genes (At5g04347 and At5g04340) was independent on estradiol induction (Fig. 1E ). Taken together, these results suggest that the Cd-tolerant phenotype of xcd2-D might be caused by the estradiol-induced expression of At5g04340, which was previously named as a known gene, ZAT6 (Devaiah et al., 2007) .
Enhanced Expression of ZAT6 Is Responsible for the Increased Cd Tolerance
To confirm that the estradiol-induced expression of ZAT6 caused the Cd-tolerant phenotype of the xcd2-D mutant, we generated transgenic Arabidopsis overexpressing ZAT6 driven by the cauliflower mosaic virus 35S promoter and obtained more than 10 transgenic lines.
In accordance with previous studies (Devaiah et al., 2007; Shi et al., 2014) , overexpression of ZAT6 retards plant growth in lines with strong ZAT6 expression (Supplemental Fig. S1 ). Therefore, two lines, OE6 and OE9, with moderate expression of ZAT6 (Supplemental Fig. S1B ), which showed normal plant growth (Supplemental Fig. S1A ), were chosen for further analysis in Cd tolerance. When grown on 1/2 MS media, there was no significant difference between the wild type and the ZAT6-overexpressing lines OE6 and OE9; however, when grown on 1/2 MS containing 30 or 60 mM Cd, these lines showed increased tolerance to Cd stress compared with the wild type ( Fig. 2A) . Quantitative analyses confirmed that the root length of ZAT-OE lines (OE6 and OE9) was significantly longer than that of the wild type in the presence of Cd (P , 0.05; Fig. 2C ), and that the fresh weights of the wild type and the ZAT6-overexpressing lines were similar in the 1/2 MS media, but in the Cd-containing media, the fresh weight of ZAT-OE lines was significantly higher than that of the wild type (P , 0.05; Fig. 2D ). These results suggest that overexpression of ZAT6 is responsible for the enhanced Cd tolerance phenotype.
Loss of Function of ZAT6 Led to Increased Cd Sensitivity
To further investigate the function of ZAT6 in vivo, we isolated two T-DNA insertional mutants, zat6-1 (SALK_061991C) and zat6-2 (SALK_050196), from the SALK T-DNA collection (Alonso et al., 2003) . A single T-DNA is inserted at 359 or 427 bp upstream of ZAT6 coding region in zat6-1 or zat6-2, respectively (Fig. 3A) . The two insertions resulted in significant reduction of ZAT6 transcripts (Fig. 3B ). To test their Cd tolerance, seeds of the wild type and the zat6 mutants were germinated on 1/2 MS agar plates for 3 d and then seedlings were transferred to 1/2 MS media with or without 30 or 60 mM CdCl 2 for 11 d. We found that both zat6-1 and zat6-2 mutants showed increased sensitivity to Cd stress compared with the wild type (Fig. 3C) . Quantitative analyses further confirmed that, in the Cdcontaining medium, both root length and fresh weight of zat6 mutant seedlings were significantly (P , 0.05) lower than those of wild-type seedlings (Fig. 3, D and E). These results suggest that ZAT6 plays an important role in regulating Cd tolerance in Arabidopsis.
To further determine whether ZAT6 is also involved in the regulation of other heavy metal and oxidative stresses, including Na 3 AsO 4 , Pb(NO 3 ) 2 , ZnSO 4 , CuSO 4 , and H 2 O 2 , seeds of the wild type and the zat6 mutants were germinated on 1/2 MS agar plates for 3 d and then seedlings were transplanted to vertically placed 1/2 MS agar plates in the presence of heavy metals for 11 d. However, there was no significant difference between wild-type and zat6 mutant plants in response to Figure 1 . Cloning of the XCD2 gene. A, Phenotypes of the xcd2-D mutant under Cd stress. Three-day-old seedlings grown on 1/2 MS medium were transferred to 1/2 MS medium with or without 30 mM CdCl 2 and 10 mM estradiol (ES). Photographs were taken 11 d after transfer. Bar = 1 cm. B, Root length and fresh weight of the wild type and xcd2-D in A. Three independent experiments were done with similar results, each with three biological repeats. Four plants per genotype from one plate were measured for each repeat. Data are presented as means 6 SE, n = 3. Statistical significance was determined by ANOVA in combination with posthoc tests; significant differences (P # 0.05) are indicated by different lowercase letters. B, TAIL-PCR analysis of the T-DNA insertional site in the xcd2-D mutant. Three rounds of TAIL-PCR were carried out using nested primers. These holes showed DNA markers, 1st, 2 nd , and 3rd round products from left to right, respectively. DNA bands marked with red arrows were recycled for DNA sequencing. C, A schematic of the genomic region flanking the T-DNA insertion site in the xcd2-D mutant. Arrows indicate the orientation of transcription. D, qRT-PCR analysis of estradiol-induced transcription levels of neighboring genes including At5g04330, At5g04340 (XCD2), and At5g04347 in 2-week-old seedlings. ACTIN11 was used as the internal control. Data are presented as means 6 SE of three replicate experiments.
Na 3 AsO 4 , Pb(NO 3 ) 2 , ZnSO 4 , CuSO 4 , HgCl 2 , and H 2 O 2 (Supplemental Fig. S2 ). Together, these results suggest that ZAT6 might be specifically involved in regulating Cd tolerance in our tested experiments.
Inducible Expression of ZAT6 by Cd Treatment
The ZAT6 gene contains only one exon and encodes a 238-amino acid protein with two C 2 H 2 -type zinc-finger domains ( Fig. 4A) , both of which share ;80% sequence similarity with other zinc-finger proteins, such as ZF1, ZF2, ZF3, ZAT7, ZAT10, and ZAT12 (Fig. 4 , B and C). The ZAT6 transcripts were detected in all organs tested, but the highest level was in roots (Fig. 4D ). To examine its role in plant defense against Cd stress, we analyzed its expression in response to Cd treatment. qRT-PCR analysis shows that the transcript level of ZAT6 was enhanced as early as 1.5 h after Cd treatment, and it rose up to 30-fold after 6 h under Cd pressure (Fig. 4E ). Cdinduced expression of ZAT6 further supports its involvement in the regulation of Cd tolerance.
ZAT6 Positively Regulates Cd Tolerance through the GSHDependent Pathway
To test whether ZAT6-mediated Cd tolerance is associated with alternation of Cd content, we measured Cd content in wild-type, ZAT6-OE, and zat6 mutant seedlings under Cd stress and found that Cd content was significantly increased in ZAT6-OE lines (;23% in OE6 and ;17% in OE9, P , 0.05) but was decreased in zat6 mutant plants under Cd stress (;38% in zat6-1 and ;25% in zat6-2, P , 0.05; Fig. 5A ). These results suggest that enhanced expression of ZAT6 accelerates Cd accumulation in plants.
An important pathway of heavy metal detoxification in plants is the GSH-dependent PC synthesis pathway that confers plants to tolerable Cd accumulation (Grill et al., 1989; Li et al., 1997; Noctor et al., 2002; Lee et al., 2003; Kim et al., 2006; Verbruggen et al., 2009a Verbruggen et al., , 2009b . Therefore, we analyzed the growth of wild-type and ZAT6-OE plants in 1/2 MS media containing buthionine sulfoximine (BSO), an inhibitor of GSH synthesis (Kim et al., 2006) . As shown in Figure 5B , in the BSOcontaining media, similar growth in wild-type and ZAT6-OE plants was observed. When grown in media containing CdCl 2 , ZAT6-OE plants showed increased Cd tolerance than the wild type; however, when BSO was added to the media containing CdCl 2 , the improved growth rate of the ZAT6-OE plants over wild-type plants Three-day-old seedlings grown on 1/2 MS medium were transferred to 1/2 MS medium without or with 30 or 60 mM CdCl 2 . Photographs were taken 11 d after transfer. Bar = 1cm. D and E, Root length (D) and fresh weight (E) of plants described in C. Three independent experiments were done with similar results, each with three biological repeats. Four plants per genotype from one plate were measured for each repeat. Data are presented as means 6 SE, n = 3. Statistical significance was determined by ANOVA in combination with posthoc tests; significant differences (P # 0.05) are indicated by different lowercase letters.
to Cd stress disappeared (Fig. 5B) , representing as parameters of root length of these plants (Fig. 5C ). These results suggest that the GSH-dependent PCs synthesis pathway is bona fide involved in regulation of ZAT6-mediated Cd tolerance.
Next, we measured the intracellular levels of glutathione in wild-type, ZAT6-OE, and zat6 mutant plants treated with or without Cd. There was no significant difference in total glutathione (GSH plus 2GSSG) between the wild type, zat6 mutants, and ZAT6-OE lines without Cd treatment (P . 0.05; Fig. 5D ). When challenged by Cd stress, GSH concentrations decreased significantly in the wild type, ZAT6-OE, and zat6 mutant plants; however, a reduced decrease was observed in ZAT6-OE lines than in wild-type plants (P , 0.05; Fig. 5D ). The total PC content was also measured in the wild type, zat6 mutants, and ZAT6-OE lines under Cd treatment. There were significantly reduced PC contents in zat6 mutants (;62% in zat6-1 and ;74% in zat6-2, P , 0.05), while there were elevated PC contents in ZAT6-OE lines (;2.1-fold in OE6 and ;1.8-fold in OE9, P , 0.05; Fig. 5E ) compared to the wild type. These data support the notion that ZAT6 positively regulates Cd tolerance through the GSH-dependent PC synthesis pathway.
ZAT6 Positively Regulates the Expression of PCs Synthesis-Related Genes
To examine whether the alteration of ZAT6 expression levels could affect the transcription of PC synthesis genes ( Fig. 6A) , we isolated total RNA from wild-type, ZAT6-OE, and zat6 mutant seedlings and performed qRT-PCR analyses. Our results clearly indicated that the expression levels of GSH1, GSH2, PCS1, and PCS2 were elevated in the ZAT6-OE seedlings but reduced in the zat6 mutant seedlings in both the absence and presence of Cd (Fig. 6B) . These results support the notion that ZAT6 coordinately regulates the transcription of PC synthesis genes.
In addition, we also analyzed expression pattern of other Cd stress-related genes, including GR1, GR2, ABCC1, ABCC2, PDR8, and ATM3 (Xiang and Oliver, 1998; Kim et al., 2006 Kim et al., , 2007 Song et al., 2010) . qRT-PCR results showed that transcription of GR1 and PDR8 was upregulated in ZAT6-OE lines and downregulated in zat6 mutants (Supplemental Fig. S3 ). There was no significant difference (P . 0.05) in the transcript level of GR2, ABCC1, ABCC2, and ATM3 between the wild type, ZAT6-OE lines, and zat6 mutant plants treated with or without Cd (Supplemental Fig. S3 ).
GSH1 Is a Direct Target of ZAT6
To further test whether ZAT6 activates transcription of GSH1, GSH2, PCS1, PCS2, GR1, and PDR8, transient expression analysis was carried out in Nicotiana benthamiana based on the reported procedure (Yang et al., 2000) . As shown in Figure 7 , A and B, GUS expression driven by GSH1 promoter was significantly enhanced after coexpression of ZAT6. However, Figure 4 . Expression patterns of ZAT6 gene. A, Predicted motifs in ZAT6. Rectangles mean C 2 H 2 -type zinc-finger domains in ZAT6. None of other motifs with annotation was found. B, The similarity in amino acid sequences of zinc-finger domains between ZAT6, ZAT7, ZAT10, ZAT12, ZF1, ZF2, and ZF3. C, Phylogenic tree of ZAT6 and its homologs in Arabidopsis. ZAT6 is marked by a red rectangle. D, qRT-PCR analysis of ZAT6 transcription in different tissues of wild-type plants. mRNAs were isolated from roots, rosette leaves, cauline leaves, inflorescences, stems, and siliques of 6-week-old wild-type plants. ACTIN11 was used as the internal control. E, Expression of ZAT6 in response to Cd stress. Two-week-old wild-type seedlings grown on 1/2 MS media were treated with CdCl 2 (60 mM) for 0, 1.5, 3, 6, 12, 24, and 48 h and then the tissues were harvested for qRT-PCR analysis. ACTIN11 was used as the internal control. Data are presented as means 6 SE of three replicate experiments.
the expression of ProGSH2::GUS, ProPCS1::GUS, ProPCS2::GUS, ProGR1::GUS, and ProPDR8::GUS was not changed by coexpressing of ZAT6 (Supplemental Fig. S4 ). These results suggest that GSH1 promoter could be specifically activated by ZAT6.
It has been showed that ZAT6 can directly bind to TACAAT box (Shi et al., 2014) . Therefore, we searched ZAT6-binding cis-element in the promoters of its candidate target genes and found that GSH1, GSH2, and PCS1 each contains a TACAAT box in its promoter ( Fig.  8; Supplemental Fig. S5 ). To test whether ZAT6 can bind directly to the promoters of GSH1, GSH2, and PCS1 in vivo, we performed a chromatin immunoprecipitation (ChIP; Kaufmann et al., 2010 ) assay using 35S::ZAT6:GFP transgenic plants. Consistent with previous report (Devaiah et al., 2007) , this fusion protein was localized in the nucleus (Fig. 8A) . Enrichments of three fragments within GSH1 promoter region, with fragments F1 and F2 located upside the TACAAT box and fragment F3 around it (Fig. 8B) , were measured using qRT-PCR. We found that only fragment F3 is significantly enriched with GFP antibody (P , 0.05; Fig. 8C ). Other fragments within GSH2 and PCS1 promoter regions were also measured but no significant enrichment was detected (Supplemental Fig.  S5 ). These data support the hypothesis that ZAT6 directly binds to the promoter of GSH1.
To examine the importance of ZAT6-binding sequence in the GSH1 promoter, the TACAAT box in the F3 fragment was removed from the GSH1 promoter region to build up the ProGSH1D::GUS construct (Fig. 7A ). The ProGSH1D::GUS reporter activity was significantly Figure 5 . ZAT6 regulates Cd tolerance through the GSH-dependent pathway. A, Measurements of Cd contents in the wild type, zat6 mutants, and ZAT6-OE lines. These plants were grown on 1/2 MS media with 60 mM CdCl 2 for 2 weeks, and roots and shoots of these samples were collected respectively for Cd content measurements. B, Effect of BSO on growth of wild-type and ZAT6-OE plants. Three-day-old seedlings grown on 1/2 MS medium were transferred to 1/2 MS medium with or without 60 mM CdCl 2 or 0.1 mM BSO for 7 d. Bar = 5 mm. C, Effect of BSO on root length of wild-type and ZAT6-OE plants described in B. Three independent experiments were done with similar results, each with three biological repeats. Four plants per genotype from one plate were measured for each repeat. Data are presented as means 6 SE, n = 3. D and E, Glutathione (D) and PC (E) contents in the ZAT6-OE lines and the zat6 mutant plants. The wild type, the ZAT6-OE lines, and the zat6 mutant plants were grown on 1/2 MS media for 2 weeks and then treated with (+) or without (2) 60 mM CdCl 2 for 24 h, and their GSH (D) and PC (E) contents were quantified. Data are presented as means 6 SE of three replicate experiments. Statistical significance was determined by ANOVA in combination with posthoc tests; significant differences (P # 0.05) are indicated by different lowercase letters.
decreased than the ProGSH1::GUS reporter after coexpression of ZAT6 (P , 0.05; Fig. 7B ), indicating that TACAAT box contributes to transcriptional activation of GSH1 promoter by ZAT6.
To genetically verify these results, we overexpressed GSH1 in the background of zat6-1 and found that the Cd-sensitive phenotype of the zat6-1 mutant was rescued by overexpression of GSH1 ( Fig. 8D; Supplemental  Fig. S6 ). This result was also confirmed by quantitative analyses of both root length and fresh weight (Fig. 8, E  and F ). These results demonstrate that ZAT6 indeed acts upstream of GSH1.
DISCUSSION
In this study, we cloned and characterized a zincfinger transcription factor, ZAT6, that acts as a positive regulator in Cd tolerance in Arabidopsis. C 2 H 2 zincfinger proteins have been shown to be required for key cellular processes including transcriptional regulation, development, pathogen defense, and stress responses (Laity et al., 2001; Englbrecht et al., 2004; Ciftci-Yilmaz and Mittler, 2008; Zhou et al., 2011) . ZAT6 contains a typical C 2 H 2 domain and has been shown to be induced by cold and osmotic stress (Vogel et al., 2005) . It was also found that ZAT6 is involved in regulating root development and Pi stress responses (Devaiah et al., 2007) and responses of pathogen infection, salt, drought, and freezing stresses (Shi et al., 2014) . In this study, we found that ZAT6 is involved in Cd tolerance in Arabidopsis. The expression level of ZAT6 was strongly induced by Cd stress, which is consistent with the results of previous studies (Herbette et al., 2006; Weber et al., 2006) . Moreover, transgenic plants overexpressing ZAT6 showed enhanced Cd tolerance, while zat6 mutant plants displayed increased Cd sensitivity, suggesting that ZAT6 plays an important role in Cd tolerance. Interestingly, it was previously shown that putative ZAT6 RNAi mutants showed the nongerminating phenotype (Devaiah et al., 2007) . However, we identified T-DNA insertion mutants, zat6-1 and zat6-2, from the Salk T-DNA collection (Alonso et al., 2003) and found that zat6 mutants showed increased Cd sensitivity. One possible explanation is that ZAT6 homologous genes essential for seed germination might be off-targets suppressed by RNAi-mediated silencing pathway.
A GSH-dependent pathway is one of the most important mechanisms contributing to heavy metal tolerance (Lee et al., 2003; Sobrino-Plata et al., 2014a , 2014b Hernández et al., 2015; Flores-Cáceres et al., 2015; Jozefczak et al., 2015) . GSH, as the metabolic precursor of the heavy metal chelating PCs, plays an important role in the heavy metal detoxification in plants (Cobbett and Goldsbrough, 2002; Ball et al., 2004; Kim et al., 2006 ). An Arabidopsis mutant with a reduced capacity to produce GSH, cad2, is hypersensitive to Cd (Howden et al., 1995a (Howden et al., , 1995b Cobbett et al., 1998) , while overexpression of GSH1 results in enhanced Cd tolerance and accumulation (Zhu et al., 1999) . In this study, we observed that, under Cd stress, ZAT6-overexpressing and zat6 mutant plants displayed similar phenotypes as GSH1-overexpressioning (Zhu et al., 1999) and cad2-1 mutant (Howden et al., 1995a (Howden et al., , 1995b Cobbett et al., 1998) plants, respectively, and that overexpression of GSH1 restored normal Cd sensitivity in the zat6-1 mutant (Fig. 8) , suggesting that ZAT6 acts as upstream of GSH1. Further analysis showed that BSO treatment completely eliminates the enhanced Cd tolerance phenotype caused by overexpression of ZAT6 (Fig. 5) , suggesting that ZAT6-mediated enhanced Cd tolerance is GSH dependent. qRT-PCR analysis showed that the expression of GSH1 is positively regulated by ZAT6, and transient expression experiments showed that ZAT6 activates GSH1 promoter activity, suggesting that ZAT6 transcriptionally targets GSH1 to regulate Cd tolerance. Furthermore, although we failed in EMSA and yeast one-hybrid experiments possibly due Figure 6 . qRT-PCR analysis of the genes involved in PC synthesis. A, Scheme of GSH/PC synthesis and genes involved in this process. B to E, Quantitative analysis of transcription of genes involved in GSH/PC synthesis in the zat6 mutants and ZAT6-OE lines, including GSH1 (B), GSH2 (C), PCS1 (D), and PCS2 (E). The wild type, the zat6 mutants, and ZAT6-OE lines were grown on 1/2 MS media for 2 weeks, treated with 60 mM CdCl 2 for 6 h, and then their mRNAs were isolated for qRT-PCR analysis. ACT11 was used as internal control. Data are presented as means 6 SE of three replicate experiments.
to lack of protein phosphorylation, which is necessary for ZAT6 (Liu et al., 2013) , ChIP assays showed that the ZAT6 protein can specifically bind to the promoter of GSH1 in plants. These results collectively demonstrate that GSH1 is a key target gene under transcriptional control of ZAT6. Thus, ZAT6 positively regulates Cd tolerance directly by activating GSH1 transcription.
Glutathione metabolic genes have been demonstrated to coordinately respond to heavy metals (Xiang and Oliver, 1998) . Furthermore, overexpression of GSH1, PCS1, or PCS2 is effective in improving plant tolerance upon Cd stress (Zhu et al., 1999; Cazalé and Clemens, 2001; Pomponi et al., 2006; Gasic and Korban, 2007; Brunetti et al., 2011) , and simultaneous expression of PC synthesis genes leads to higher Cd accumulation and tolerance (Wawrzy nski et al., 2006) . In our study, we found that ZAT6 functions in Cd accumulation and tolerance, and up-regulation of ZAT6 leads to elevated expressions of GSH1, GSH2, PCS1, and PCS2 (Fig. 6) , demonstrating that ZAT6 may coordinately regulate PC synthesis genes to effectively improve Cd tolerance. In contrast with relationships between ZAT6 and GSH1, transient expression assay showed that coexpression of ZAT6 didn't elevate transcriptions of GSH2, PCS1, and PCS2 ( Supplemental Fig. S4 ); in accordance with these results, ChIP-qPCR results showed that DNA fragments around the TACAAT box were not enriched in promoter regions of GSH2 and PCS1 (Supplemental Fig. S5) , which was possibly due to differences in flanking sequence (Supplemental Table  S1 ). These results suggested that transcriptions of GSH2, PCS1, and PCS2 might be indirectly regulated by ZAT6.
PCs are known to play an important role in Cd accumulation and detoxification through PC-conjugated vacuolar sequestration (Grill et al., 1989; Li et al., 1997; Cobbett, 2000; Cobbett and Goldsbrough, 2002; Lee et al., 2003; Lin and Aarts, 2012) . PCs are also known to be synthesized by GSH1, GSH2, PCS1, and PCS2 in Arabidopsis Cobbett, 2000; Noctor et al., 2002; Semane et al., 2007; Jozefczak et al., 2012) . In our study, we found that ZAT6 directly regulates GSH1 and coregulates GSH2, PCS1, and PCS2 (Fig. 6 ), leading to reduced PCs in zat6 mutants and elevated PCs in ZAT6 overexpression lines (Fig. 5, D and E) . Interestingly, we also found that PDR8, a known Cd pump in Arabidopsis , was regulated by ZAT6 (Supplemental Fig. S3 ). As PDR8 leads to pump-out of Cd from the cytosol , there would be less Cd accumulation in plants. However, although AtZAT6 overexpression lines exerted significant Cd tolerance, they showed similar growth in comparison with wild-type plants when they were treated with BSO (Fig. 5) , suggesting that ZAT6-mediated Cd tolerance is GSH dependent. Moreover, transient expression assay showed that GSH1 is a direct target of ZAT6, while PDR8 is indirectly regulated by ZAT6 ( Fig. 7 ; Supplemental Fig. S4 ). Therefore, ZAT6 acts mainly through regulation of GSH/PC synthesis, leading to more contribution of Cd chelation than through Cd detoxification. That might explain the phenomenon of reduced/ elevated Cd accumulation in zat6 mutants and ZAT6 overexpression lines (Fig. 5A) , respectively. Plant responses to Cd stress involve the transcriptional regulation of numerous genes to establish an adaptive mechanism (Herbette et al., 2006; Weber et al., 2006; Shim et al., 2009 ). Several Arabidopsis transcription factors have been shown to be induced by heavy metal stress in plants; however, their physiological roles in heavy metal tolerance have not been clearly demonstrated (Herbette et al., 2006; Shim et al., 2009) . A few transcriptional factors, such as CaPF1 and HsfA4a, were identified functioning in the Cd stress response (Tang et al., 2005; Shim et al., 2009 ). Overexpression of CaPF1, an ERF/AP2 pepper (Capsicum annuum) transcription factor, in transgenic VA pine (Pinus virginiana) confers tolerance to heavy metals Cd, Cu, and Zn, to heat, and to pathogens Bacillus thuringiensis and Staphylococcus epidermidis (Tang et al., 2005) . The CaPF1-mediated Cd tolerance was mediated by protection from oxidative damage, which is implicated in general stress tolerance (Tang et al., 2005) . In contrast, Figure 7 . Transient expression of GSH1-promoter reporters in N. benthamiana. A, Schematic of the GSH1-promoter reporter constructs, the effector plasmids, and the transfection control plasmid. ProGSH1-GUS or ProGSH1D-GUS plasmids represent GUS reporters driven by full-length or TACAAT-box-deleted GSH1-promoter, respectively. B, Relative folds of GUS activity of ProGSH1-GUS or ProGSH1D-GUS reporters after coexpression of ZAT6 protein. The 35S-empty vector was used as effector plasmid control. Data are presented as means 6 SE of three replicate experiments.
HsfA4a regulates Cd tolerance by upregulating metallothionein gene expression (Shim et al., 2009) . Metallothionein is a potential target gene of HsfA4a because it is a good chelator of Cd and Cu but is not effective in the detoxification of other heavy metals (Shim et al., 2009) . Thus, HsfA4a greatly enhanced Cd tolerance in yeast and rice but did not significantly enhance their tolerance to the other heavy metals, namely, Pb, Zn, Co, Mn, Ag, Hg, and Fe (Shim et al., 2009) . In this study, we found that zat6 mutant plants showed enhanced sensitive to Cd but not to Pb, Cu, As, Zn, and H 2 O 2 (Supplemental Fig. S2 ). To further confirm the results, we also test tolerance of the wild type and the ZAT6-overexpressing lines OE6 and OE9 to Na 3 AsO 4 , ZnSO 4 , Pb(NO 3 ) 2 , and HgCl 2 . However, there was no significant difference between the wild type and the ZAT6-overexpressing lines in response to Na 3 AsO 4 , ZnSO 4 , Pb(NO 3 ) 2 , and HgCl 2 (Supplemental Fig. S7 ). In addition, we also found that the expression of ZAT6 was highly induced by CdCl 2 , but only slightly induced by other heavy metals (Supplemental Fig. S8 ). Together, these results suggest that ZAT6 might be specifically involved in regulating Cd tolerance in our tested experiments. Significantly, however, our data showed that GSH1 is a key target gene under transcriptional control of ZAT6. One possible explanation for this phenomenon is that plant responses to Pb, As, Zn, Hg, Cu, and H 2 O 2 are regulated by some other regulatory factors. Another possible explanation is that translational and posttranslational regulation of GSH1 may Three independent experiments were done with similar results, each with three biological repeats. Four plants per genotype from one plate were measured for each repeat. Data are presented as means 6 SE, n = 3. Statistical significance was determined by ANOVA in combination with posthoc tests; significant differences (P # 0.05) are indicated by different lowercase letters. exist in controlling GSH concentration because GSH can engage in thiol-disulphide exchange reactions that may be a key process in linking the regulation of gene expression to the redox state of cells or specific subcellular compartments (Schafer and Buettner, 2001; Noctor et al., 2002) . In plants, the regulatory processes are known to be potentially influenced by the levels or redox state of cellular GSH pools Vernoux et al., 2000) .
In summary, we cloned and characterized a C 2 H 2 zinc-finger transcription factor, ZAT6, which is induced by Cd stress and plays a key role in regulating Cd stress response by directly targeting GSH1 expression, leading to Cd tolerance and accumulation in Arabidopsis (Fig. 9) . The identification of ZAT6 provides a first step in the elucidation of mechanisms underlying GSH biosynthesis in response to Cd stress. Identifying and characterizing other target genes and their promoters should further shed light on the molecular mechanisms of the action of ZAT6. Moreover, it will also be important to study the upstream signaling pathways that connect Cd stress to activation of ZAT6.
MATERIALS AND METHODS
Plant Materials
Plant materials used in this study include Arabidopsis (Arabidopsis thaliana) wild-type Columbia-0 (Col-0) and the zat6 mutants (zat6-1, Salk_061991C; zat6-2, Salk_050196; Alonso et al., 2003) . The xcd2-D mutant was screened from T3 populations (18,000 lines) of the XVE-tagging T-DNA insertional lines (Zhang et al., 2005) ; the pooled seeds of XVE lines were kindly provided by Dr. Jianru Zuo.
Screening, Identification, and Phenotype Analysis of Mutants
The xcd2-D mutant was screened as reported before (Chen et al., 2015) . The XVE T-DNA-tagged genomic sequence in xcd2-D was identified by TAIL-PCR (Liu et al., 1995; Zuo et al., 2000; Sun et al., 2003) and DNA sequencing. The xcd2-D and zat6 mutant plants were individually identified through genetic methods using primer pairs of ZAT6-LB and ZAT6-RB (Supplemental Table S2 ).
All plants were vernalized for 3 d in the dark at 4°C and then were grown in a growth chamber maintained at 22°C, with a light intensity of ;100 mmol m 22 s 21 and a 16-h daylength. Seeds of the wild type and mutants or transgenic plants were germinated on 1/2 MS agar plates for 3 d, and then seedlings were transplanted to grow on vertically placed 1/2 MS agar plates in the absence or presence of heavy metals or other supplements for 11 d. To reduce variation due to the precipitation of heavy metals, wild-type and mutant or transgenic plants were grown side-by-side in the same plate and their growth was compared. After the indicated days of growth, plants were sampled for root growth assays and measurement of fresh weight.
Vector Construction and Transformation
The GSH1, GSH2, PCS1, PCS2, GR1, and PDR8 full-length promoters were amplified by PCR from Arabidopsis genomic DNA. These promoters were cloned into the transformation vector pXB93 (pART27 with expanded restriction sites and GUS reporter) at the KpnI and XhoI restriction sites using specific primers (Supplemental Table S2 ). The ProGSH1-GUS construct was built through overlap-extension PCR (Ho et al., 1989) using primer pair of GSH1D-P1/GSH1D-P2 together with GSH1pro-S/GSH1pro-AS.
ZAT6 and GSH1 cDNA was amplified from Arabidopsis with primer pairs of ZAT6OE-S/ZAT6OE-AS, ZAT6GFP-S/ZAT6GFP-AS, or GSH1OE-S/ GSH1OE-AS by RT-PCR. These products were cloned into the KpnI and XbaI sites of pXB94 (pART27 with expanded restriction sites, 35S promoter and GFP reporter) or pCambia1301. The ZAT6 and GSH1 overexpression constructs were generated by ligation with the KpnI-XbaI fragment from pPXB94 or pCambia1301.
All primer sequences used for vector constructions are listed in Supplemental  Table S2 .
The 35S::ZAT6, 35S::ZAT6:GFP, and 35S::GSH1 constructs were introduced into the Agrobacterium tumefaciens GV3101 strain, which was then used to transform the wild-type Col-0 or the zat6-1 mutant using the flower infiltration method (Clough and Bent, 1998) . Subcellular localization of fluorescent fusion protein was visualized using confocal microscopy (Leica TCS-SP8; Wetzlar). All transgenic lines used in this study are T3 homozygous plants with single-copy insertion. More than 10 lines of GSH1 overexpression were obtained and four of these lines (lines 1, 2, 3, and 4) were quantified using qRT-PCR (Supplemental Fig. S6 ). GSH1 overexpression line 4 was chosen to cross with the zat6-1 mutant and homozygous lines of double mutant were isolated for further analysis.
RNA Extraction and qRT-PCR Analysis
Six-week-old plants were used for quantification of ZAT6 transcription in different tissues, and 2-week-old seedlings were used for analysis of expression of ZAT6 in mutants or overexpression lines. Fresh samples were collected for RNA extraction. Total RNA was extracted using Trizol reagent (Invitrogen). cDNA was synthesized from total RNA by SuperScript II RNase H2 reverse transcriptase (Invitrogen) using Random Hexamer Primer (Promega). Quantitative real-time PCR was performed according to the instructions provided for the Bio-Rad iCycler iQ system (Bio-Rad Laboratories) with platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). The fold change of transcripts was calculated based on an efficiency calibrated model (Yuan et al., 2006 ) and compared with the transcript level under normal condition. Statistical differences between samples were evaluated by Student's t test or ANOVA in combination with posthoc test using delta Ct values (Yuan et al., 2006) . The ACTIN11 transcript was used to quantify the relative transcript level of each target gene in each tissue type. The primers used are listed in Supplemental  Table S2 .
Measurement of Cd and GSH/GSSG/PC Content
Plants were grown on 1/2 MS media (Murashige and Skoog, 1962) for 2 weeks, and their seedlings were treated with 60 mM Cd for 24 h and then sampled for analysis of Cd and GSH/GSSG/PC content. Cd content was determined according to the method described by Lee et al. (2003) . Digested samples were analyzed using an atomic absorption spectrometer (Solaar M6; Thermo Fisher). GSH/GSSG/PC were extracted from seedlings and quantitated according to previous report (Chen et al., 2015) .
Transient Expression Assays in Nicotiana benthamiana
Transient expression assays were performed according to the method described previously (Sparkes et al., 2006; Chen et al., 2009) . A. tumefaciens cells were harvested by centrifugation and suspended in the solutions containing 50 mM MES, 5 g/L D-Glc, 2 mM Na 3 PO 4 , and 0.1 mM acetosyringone to an optical density (600 nm) of 0.1. A. tumefaciens cells were incubated at room temperature for 4 h and then used to infiltrate leaves of N. benthamiana using a needle-free syringe. The GUS staining and GUS activity measurements were performed at 48 h after injection as described previously (Xu et al., 2006) .
ChIP
ChIP experiments were performed according to published protocols (Kaufmann et al., 2010) . About 3 g of 7-d-old 35S::ZAT6:GFP plants and 35S:: GFP control plants were harvested and then sonicated with ultrasonic cell disruption (JY96-II; output 3, 6 3 10 s). After that, the solution was divided into three parts: One was saved as input DNA, and the two other parts were incubated with anti-GFP antibody (Abmart). The relative concentrations of the DNA fragments were analyzed by quantitative real-time PCR in triplicates using the ACTIN11 gene as the reference, and enrichment fold was calculated as previously described (Jun et al., 2010; Kaufmann et al., 2010) . Primers used are listed in Supplemental Table S2 .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GeneBank/EMBL databases under the following accession numbers: ZAT6 (At5g04340), GSH1 (At4g23100), GSH2 (At5g27380), PCS1 (At5g44070), PCS2 (At1g03980), GR1 (At3g24170), GR2 (At3g54660), ABCC1 (At1g30400), ABCC2 (At2g34660), PDR8 (At1g59870), ATM3(At5g58270), and ACTIN11 (At3g12110).
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Growth of ZAT6 overexpression lines.
Supplemental Figure S2 . Growth of the wild type and zat6 mutants under other abiotic stress conditions.
Supplemental Figure S3 . qRT-PCR of other Cd stress-responsive genes.
Supplemental Figure S4 . Transient expression of other Cd stressresponsive genes.
Supplemental Figure S5 . ChIP-qPCR of GSH2 and PCS1.
Supplemental Figure S6 . The transcript levels of GSH1 in GSH1-OE lines.
Supplemental Figure S7 . Growth of wild-type and ZAT6-overexpression lines under other heavy metal stresses.
Supplemental Figure S8 . Expression of ZAT6 in response to other heavy metal stresses.
Supplemental Table S1 . Flanking sequences around TACAAT box.
Supplemental Table S2 . Primers used for cloning, RT-PCR, and ChIP assay.
